Flexible Manufacturing Systems (FMS) are highly modular reconfigurable systems, consisting of a group of processing workstations (such as CNC machining centers), and interconnected by an automated material handling and storage system. The adoption of a Flexible Manufacturing System involves a substantial investment and a high degree of uncertainty for today's factories. With the aim of combining production flexibility and productivity, the design decisions of a flexible manufacturing system must be based on FMS system performance. The current literature does not, however, provide enough detail to analyze the system performance in a Flexible Manufacturing System with different layout configurations. Models based on discreteevent simulation can be utilized to design production systems such as FMSs. In this study, ProModel software is used to simulate different models and evaluate the system performance in different FMS layouts. Based on the simulation models, we investigated the effectiveness and efficiency of FMS including system performance metrics such as manufacturing lead time (MLT), resource utilization, inventory and queue levels, throughput, bottleneck analysis, and the number of workstations. These decisions of FMS design are critical and need to be investigated in the initial phase with extreme care ensuring that the designed FMS will successfully fulfill the demands of a fluctuating market. Finally, this paper presents a case problem for performance evaluation of an existing manufacturing system. The result shows that the simulation models can effectively help the users to rapidly response to a mix of part styles and changes of demand patterns.
Introduction
A Flexible Manufacturing System (FMS) usually includes (1) workstations (such as CNC machine centers, industrial robots, washing, and measuring machines), fixtures, tools, and other related hardware, (2) a Material Handling System (MHS), (3) a computer system to control all the manufacturing activities, and (4) operators and/or management. 1 The reason an FMS is called flexible is that it is a manufacturing system with the ability to efficiently responds to fluctuation in both products it manufactures and the demand levels for the products being produced as well as other uncertainties such as machine downtimes, repairs, and various processing times. A number of benefits can be realized in successful FMS applications. They are:
3. Lower Work-In-Process (WIP) inventory requirements, 4. Greater responsive to change, 5. Reduced labor requirements, 6 . Fewer machines required, and 7. Enhanced operational control FMS planning and implementation problems can be classified as (1) design, (2) planning, (3) scheduling, and (4) control problems. 1 Although the main body of the recent research on FMS has been shifted to the operational aspects of FMS, a number of studies have been conducted on using computer simulation to address issues concerning the design and analysis of flexible manufacturing systems. Computer simulation is the imitation of a dynamic system using a computer model to analyze, evaluate and improve system performance. 2 In particular; simulation has played a significant role in evaluation the design and operational performance of an FMS. Several studies have shown that computer simulation is a very useful tool to model and analyze the performance of a Flexible Manufacturing System (FMS) given its flexibility. 3 It has only been in the few decades that computer simulation has gained popularity as a decision-making tool in many manufacturing and service industries. For many companies computer simulation has become a standard practice when a new facility is being planned and changes to a production line or a manufacturing process are being evaluated.
As a decision-making tool, computer simulation has been utilized to plan and make improvements in different areas of flexible manufacturing systems. Typical FMS applications of simulation are: 4 1. Evaluate the system performance of alternative designs and the effectiveness of alternative operating policies. 2. Select the type and quantity of machines, equipment, and tooling should be used in an FMS 3. Decide the production capability (throughput rate) for a given layout configuration. 4. Analyze bottleneck, number of buffers and storage required, and conveyor speed 5. Calculate number of shifts required to meet production and customer requirements 6. Optimize production sequence for producing a set of jobs 7. Minimize total processing time in an FMS system (make-span or throughput time analysis)
Simulation is now considered an indispensable tool to study system performance. This paper investigates the effects of different factors such as layout and MHS configuration (which includes numbers of MCs, buffers, and conveyor speeds), under stochastic parts inter-arrival and processing time, production cost, manufacturing lead time and throughput. A student case problem is included to show and explain how applications of computer simulation and digital manufacturing have been incorporated into our engineering technology curriculum to provide students an opportunity to grain practical experience. By providing a discussion on interesting results of several student teams, the students better understood the mechanisms that enable flexibility to reduce manufacturing lead times. This case problem has significantly benefited the students with their exposure to simulation tools, their application in this area (FMS), and application experience by using data from an actual system in the case problem. Page 26.1162.3
FMS Design and Simulation
Several research studies within manufacturing systems design have been focused on finding improved layout configurations and resources to solve particular issues or extend existing modeling techniques. The optimal design of FMS is a critical issue and it is a complex problem with the selection of: (1) layout configurations from the wide variety available, (2) specific workstations, (3) a supporting materials handling and storage system, and (4) a computer control system. Several decision analysis techniques and tools have been applied to the evaluation of FMS design. As flexibility and modularity become more critical in a successful design of FMS, the important factors that must be specified in design parameters and standard resources include the following five different categories shown in the Table 1 . In the design stage of FMS, once a prior system definition, description and sizing analysis has been made, the next step is to determine layout configuration. The principal factors of prior analysis are: part family considerations and resource (ex. AGVs, buffers) allocation, process routings or plans, production quantity, and tooling/fixturing. Proposed layout design and simulation procedure of FMS are itemized as follows: 4. 3D layout model creation for discrete event simulation using commercial package (ex. ProModel, Arena, SIEMENS Plant Simulation) 5. Optimization analysis for system performance using Taguchi methods and simulation Several researchers who have used computer simulation to model and analyze FMS performance have found that FMS performance is significantly affected by layout configurations, resource allocation, buffer capability, process routing flexibility, and choice of scheduling rules. The performance of an FMS is evaluated by using measures such as make-span, throughput, average machine utilization, average flow time, and average blocked time (see table 2). The total time required processing a product through the FMS, including any lost time due to delays, time spent in buffers, reliability problems, and part transfer time.
Min(MLK) =∑ MLKj

Throughput (Production Quantities)
Daily and weekly quantities of different parts produced by the FMS. Comparison of actual quantities against the production schedule
Availability Uptime proportion (Reliability) of the workstations.
Max (A)= (MTBFjMTTRj)/ MTBFj
Utilization Utilization of each workstation as well as the average utilization of the FMS specified periods (days, weeks, mouths)
Max(U j) = Q j / PCj
Tooling Information on various aspects of tool control, This project uses a hypothetical case problem for designing a factory that produces 5 parts. These parts run through a series of processes, including: (1) Loading/Unloading, (2) Turning, (3) Milling, (4) Drilling and (5) Cleaning, with different machining sequences 6 . A list of workstation processing time and costs for different product mixes is shown in the Table 3 . This data is based on an actual system. Page 26.1162.5
The workstations in the FMS are connected by an automated material handling and transferring system which transfers parts, tools and fixtures among workstations. Creating the material handling system concurrently establishes the FMS layout. Some of the most commonly used layout configurations found in today's flexible manufacturing systems can be classified in four categories: (1) in-line layout, (2) loop layout, (3) ladder layout and (4) open field layout (see Figure 1) 5 . An Automated Guided Vehicle (AGV) system is a common material handling system that uses independently operated, self-propelled vehicles with the ability to transfer loads to distance locations and through complex paths. The AGV system is a very import component in today's FMS and this AGV technology is also being increasingly used in flexible manufacturing systems.
Figure 1 -2D view of four different FMS layout configurations
Although the overall performance of the FMS is higher than traditional job shops, many implementation issues can be associated with FMS design and modelling. It is very important that the installation of the FMS system be preceded by thorough design and planning, and that its operation is controlled by good management of all related resources such as machines, tools, parts, and people 8 . Some assumptions have been considered for the implementation of the model to study the case. The FMS considered for the student case problem has the following features: 6 
Layout of proposed FMS
In the in-line layout, the workstations and a rail guided vehicle (RGV) system are arranged in a straight line (see Figure 2 ). In the transportation station, the RGV is adopted for the default transportation resource in the in-line layout and loop path configurations. Five workstations are for processing of parts and input/output of the part temporally. Processing operations consist of standard resources for machining, washing and cleaning, inspection. The pallet pool has both an input and a separated output buffer, whereas a common buffer has temporal space for both input and output to wait for processing or transportation device (e.g. AGVs, RGVs or stacker crane). In the ladder layout, the workstations are inside of each small loop. The system consists of a big loop with rungs between the straight sections of the loop, on which workstations are located (see Figure 3 ). The rungs actually create the number of possible paths of moving from one workstation to the next, and eliminate the need for a secondary transportation system. Compared with the in-line layout, the ladder layout design reduces the average travel distance and minimizes congestion in the handling system.
Simulation Use in a Graduate Automation Systems Course
Computer simulation is an excellent tool for students to analyze complex systems and usually used to develop a simplified model of a complex system with the objective of providing predictions of the system's performance measures. The use of the simulation software ProModel in the Engineering and Technology program at Western Carolina University provides several opportunities for faculty and students to explore system design and performance in different areas such manufacturing, material handling and health care systems. After the first trial run of actively engaging twelve graduate students with a realistic simulation case problem, faculty determined that they must create an opportunity within the graduate curriculum to incorporate this powerful tool with different applications in the Engineering and Technology discipline.
When redesigning the ET 642 Automation Systems course to incorporate simulation modelling and analysis techniques, several case problems were introduced to the class assignments. The teaching materials that were included focus on the following topics: In order to better create the models, there are many simulation software packages available on the market. ProModel is one of popular software which allows students and practitioners after collecting the relevant data to create a 2D graphical model in 45 or 60 minutes. Figure 4 and 5 show two screen shots of information input menus. In ProModel, routing rules are used in selecting among the next processes for routing an entity. Sometimes students prefer one particular resource to another. The selection among several resources may look like the following screen shots in Figure 6 and 7. Entity arrivals define the time, quantity, frequency and location of entities entering the system. To create arrivals, you enter various data about the arrival process. Figure 8 shows a screen shot of first time/arrival scheduling. 
Lessons Learned
In the beginning of the spring semester of 2014, many students were reluctant to use ProModel simulation software package because they felt unqualified. Certainly some reading and practice is required to use any simulation software, but the ability to use simulation to model and evaluate proposed systems and changes to these systems is a skill professionals need when dealing with a Page 26.1162.9 flexible manufacturing system. Incorporating computer simulation into an Automation System course has proven to have many benefits not only for students when they are practitioners but also for faculty and local manufacturing facilities. The constraint that was faced in the spring semester 2014 was finding adequate discussion time to explore the details of each simulation scenarios in conjunction with existing FMS design concepts.
Case Problem -Loop Layout Configuration
The material handling system generally is a key factor in determining the type of layout to be used in the FMS. In the literature, number of popular layout types have been highlighted, such in-line layout, loop layout, ladder layout, open field layout etc. After a detailed study of the plant including space availability, number of operators working etc., the loop layout was considered for the implementation for the new FMS. The key rationales are given below:
1. Loop layout is suitable for mid variety and mid volume range of the case company. 2. Loop layout consists of secondary handling system which is required to provide desirable flexibility of routing. 3. It has reduced material transfer time. 4. In the case company, the manpower will be greatly reduced as workers are required only at load/unload station. 5. Traffic control is easy to implement in loop layout.
The layout configuration and flow diagram for loop layout is given in Figure10. 
Results and Discussion
The performance analysis of FMS loop layout with various resources is presented in this section. The summary of case problem calculations (Average time in system, resource utilizations, number of buffers used etc.) is presented in table 4. A comparison of number of AGVs and buffers utilizations for the proposed system is shown in figure 4 and figure 5 respectively. Performance measures in term of total flow time, average time in system, average time blocked, and throughput were collected from ProModel's output program manager. The data manager provides the students an opportunity to simplify the process of generating and charting graphs and reports (see Figure 14, 15, 16 and 17) and analyzing the output data. The times spent by parts in the system have been used as one of the performance measures of difference resource settings. In the case problem, the following observations were made from the ProModel output viewer.
1. The average time spent by parts in the system has a tendency to decrease with an increase in the number of the AGVs (from 1 to 7). It has been observed that in the first setup, as shown in Table 10 , the average time spent by parts and average blocked time are not reduced significantly when the number of the AGVs is increased after four. Figure 10 and 11 shows some of the cases in which a behavior is observed. 2. The case problem was also used to study the effect of a change in the numbers of buffers within the workstations as well. It appears that an increase in the number of buffers (Using one AGV in the system) does not lead to a decrease of the average time spent by Page 26.1162.12 parts in the system and the average blocked time in the system. Table 15 ). Page 26.1162.13 The results demonstrated in this paper are based on the runs using the PC version of ProModel. This version of ProModel is designed to help students learn simulation and is the same as professional version with some limitations on the size of some features. Models built with the student package may not exceed the following limits: (1) 20 locations, (2) The SAI also contained two sections with the following open-ended questions: (1) Describe the best aspects of this course, and (2) Describe changes that could be made to improve the course. 
Conclusion
In this paper, a case problem of an FMS is presented on the basis of a model given by a local manufacturing company in Asheville. The paper presents the results of a simulation study of flexible manufacturing systems. ProModel simulation package was used for this study since it provides the students sufficient flexibility and a learning-friendly environment to analyze and model flexible manufacturing systems and is a commonly used tool in industry as well as being very similar to many other packages available to industry. The case problem allows the students to conduct performance evaluation of the system under various resources, conditions of AGV availability, different processing times and different layout configurations of FMS just as in practice. In addition to answering specific questions the case problem reinforces many concepts key to the course. Some interesting results have been observed through several simulation runs. The key conclusions from this case problem include:
1. Computer simulation is an excellent tool for FMS performance analysis and evaluation. It provides insight into the complex dynamics of an FMS that cannot be obtained using other analysis techniques. Computer simulation also gives students unlimited freedom to try out different combinations of design parameters for improvement of FMS performance. Furthermore, the results are both visual and quantitative with performance statistics reported on all measures of interest. 2. The simulation presented in this paper confirms that machine utilizations in three different layout configurations increase with an increase in the number of the AGVs. This increase continues to 3 AGV levels after which the utilizations tend to become constant.
Incorporating simulation case problem into ET 642 Automation Systems course at
Western Carolina University has provided students an opportunity to use a commercial simulation package ProModel and also prepares them to apply what they are learning with the view to providing them a versatile tool and specific application experience in FMS performance improvement.
In summary, the application of simulation in FMS design and operation is expected to continue to grow and evolve in the future. For future research, the computer simulation methods of FMS design and analysis can be expanded to incorporate other FMS design parameters (e.g. choice of scheduling rules, machine breakdown, tool changing, prevention maintenance) and system performance (e.g. AGV traffic deadlock, average block time, transportation cost).
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